This paper investigates the effect of urbanization on the three key statistics used to establish flood frequency curves when combining the index flood method with the method of L-moments for estimating distribution parameters, i.e. the median annual maximum peak flow (the index flood), and the high-order L-moment ratios L-CV and L-SKEW. An existing procedure employing catchment descriptors was used to estimate the three statistics at ungauged sites in the UK.
INTRODUCTION
The UK standard method for establishing flood frequency relationships (or curves) is based on statistical analysis of annual maximum series (AMS) of instantaneous peak flow, and was first described in the Flood Studies Report (FSR) (NERC 1975) and later updated in the Flood Estimation Handbook (FEH) (Institute of Hydrology 1999). It allows estimation of T-year peak flow values at any gauged or ungauged catchment larger than 0.5 km 2 . Recently, the FEH method has again been updated by the Environment Agency (2008) as documented by Kjeldsen & Jones (2009a,b) . The method is based on regional frequency analysis using L-moment ratios, and is an adaptation of the index flood method as presented by Stedinger et al. (1993) , Hosking & Wallis (1997) generally considered that the effect of urbanization is to increase the low return period floods more than the high return period floods. These effects have been accepted qualitatively for several decades (Hall 1973) , but the ability to predict the effect in an ungauged catchment is still limited. Summarizing data from published literature, Hollis (1975) found that (compared to the pre-urban flood doi: 10.2166/nh.2010.056 response) a 35% impervious area would lead to an increase of the mean annual flood of about 275%, whereas the 100-year flood would increase by about 80%. Comparable effects were reported by Beighley & Moglen (2003) .
Analyzing annual maximum series from 115 urban catchments in the UK, Robson & Reed (1999) developed a model to predict the ratio of the median annual maximum peak flow as estimated from a catchment in an urban or rural state. They found that this ratio could vary between no effect
(1) and up to a factor of about 20, depending on the degree of urbanization and the underlying soil type. However, the factor 20 was largely a result of extrapolation from observed data, and the effect from observed data was confined to an increase of 100% and less. A more dramatic effect of urbanization is expected when an urban area is built on a permeable, non-responsive, soil type than when built on less permeable soils, e.g. clay. The FEH (Robson & Reed 1999) also suggested that the effect would gradually diminish as the return period increases and, at very high return period, no effect could be detected. This latter assumption was not verified by evidence derived from observed data. This methodology has some similarities to the adjustment procedures presented by Sauer et al. (1983) and Moglen & Shivers (2006) and allows the resulting models to be used in conjunction with existing UK models for prediction of flow statistics in rural catchments.
The following sections provide information on the FEH procedures used to obtain as-rural estimates, details on the urban adjustment procedures and the data used in this study and the procedure used for back-dating the urban extent for each catchment. Finally, a set of urban adjustment procedures are derived and their predictive ability assessed using alternative existing procedures. The results suggest that the procedures developed in this study are better at predicting the effect of urbanization on the flood frequency curve than the existing methods.
IMPACT OF URBAN EXTENT ON L-MOMENT RATIOS
As-rural estimates in urban catchments in the UK
The as-rural estimates are obtained using the latest devel- distribution function) for estimating the T-year peak flow, Q T , is given as
where j, a, b and k are model parameters and the growth curve is defined as the term within the square brackets.
Note that according to the definition in Equation (1), for a return period of two years the growth curve takes a value of 1; the 2-year peak flow value is therefore equal to the median annual maximum flood, i.e. the flood exceeded on average every other year.
In the context of the index flood method, the disproportional effect of urbanization on low and high return period flood (Hollis 1975 ) is expected to result in higher values of the index flood but flatter growth curves in urban catchments than in corresponding rural catchments.
The GLO model parameters are estimated using a variant of the method of L-moments (Robson & Reed 1999) .
The location parameter j is defined as the median annual Kjeldsen & Jones (2009b) .
Developing models for urban adjustments
In a study of urbanized catchments in the US, Sauer et al. When applying an automated version of the FEH procedure to the entire UK, Morris (2003) found the growth curve adjustment to be inconsistent on a small number of catchments that were both heavily urbanized and permeable at the same time. T-incoherence could occur on these catchments, defined as cases where z ðUÞ T¼1000 , z ðUÞ T¼2 . Morris (2003) suggested that the adjustment to the rural growth factor should be defined as
rather than through Equation (4) to avoid this T-incoherence.
DATA
Annual maximum series of peak flow
The hydrological dataset used in this study consists of annual maximum series instantaneous peak flow data from 602 rural catchments used to develop the improved FEH methods for producing as-rural estimates, and a corresponding dataset of 206 annual maximum series from urbanized catchments not included in the development of the improved FEH tools. A summary of the two datasets is shown in Table 1 .
Catchment descriptors
Digital catchment descriptors are available for all catch- 
RESULTS
The effect of urbanization was investigated separately for the median, the L-CV and the L-SKEW using ordinary linear regression models. Before the regression models were evoked, an exploratory analysis was conducted for each of the two L-moment ratios. It was determined if an urbanization effect could be expected, and the differences between the at-site and as-rural estimates were compared to the corresponding estimates obtained from the 602 rural (7). Note that the model is defined to return a value of one for the year 2000.
The median
The regression model for predicting the median in rural catchments from catchment descriptors shown in Equation (2) was developed by Kjeldsen & Jones (2009a) as a loglinear regression model. This investigation will therefore be based on the residuals obtained as the difference between the log-transformed at-site and the FEH as-rural estimates of the median in the urban catchments. Note that 6 of the 206 urban catchments were excluded from this analysis.
These catchments were all located in an area northwest of London and the as-rural estimates (Equation (2) of the regression statistics for the considered models is shown in Table 2 .
The last of the models in 
The results in Table 2 suggest that the term (1 þ 
Investigating applicability of generalized rural models in urban catchments
Using increase in more frequent floods than the more rare floods.
Packman (1980) argued that this effect would lead to a reduction in the standard deviation (thus L-CV) but did not extend the argument to include the coefficient of skewness (or L-SKEW). However, it seems reasonable to assume that the effects of the disproportional increase would lead to samples with a greater tendency for positive skewness.
Thus, the lowering of L-CV found in this study supports the previous findings that urbanization results in a flatter growth curve (e.g. Packman 1980), whereas the effect of urbanization on L-SKEW has not been reported elsewhere (to the author's knowledge).
A straightforward comparison of the at-site and pooled L-moment ratios is complicated by the fact that the poolinggroup method was developed using the rural dataset, but did not include the urban dataset. As a result, the residuals (at-site minus as-rural estimates) from the urban catchments are expected to have a slightly higher degree of variability than the residuals from the rural catchments.
Also, the observed difference between the at-site estimate from an urban catchment and the corresponding pooled 
Model selection
Initially, an exhaustive search for the best subsets of explanatory variables in Equation ( 1 10 100 1,000 10,000 500 1,000 1,500 2,000 2,500 3,000 the median (Table 2) 
COMPARISON OF PREDICTIVE CAPABILITY
The predictive ability of these adjustment procedures is now compared to the urban adjustment procedures suggested by the FEH (Robson & Reed 1999) and Morris (2003) .
A cross-validation experiment based on the leave-oneout technique (Efron & Tibshirani 1993) then the at-site estimate of L-CV is reduced to 0.27 and the ratio of the at-site and the pooled estimate is reduced to 1.03.
It would be tempting to remove the catchments from the dataset where the at-site and as-rural estimates are very different. Unfortunately, it is not generally known what causes the difference between the at-site and the as-rural (or pooled) estimate. It could be caused by a number of factors, such as: (1) oddities in the at-site samples (as discussed above), (2) failure of the pooling-group method to accurately represent the at-site L-moment ratios, (3) the residual effect of urbanization, or (4) any combination of the first three reasons. Therefore, any censoring of the dataset will involve some arbitrary decisions.
To reduce (but unfortunately not remove) the influence of these catchments, it was decided to use the absolute difference between at-site and predicted growth factors rather than the squared difference for assessing predictive ability. The cross-validation statistic adopted in this study, based on observations, is defined
where z i is the observed quantity (here growth factor) at the ith site andẑ
is the corresponding estimate of the same quantity from a model fitted to the observations with the ith observation omitted from the dataset. Equation (12) is also known as the cross-validation estimate of prediction error. Table 5 compares the cross-validation statistic in Equation (12) for each of the five methods listed above.
The results in Table 5 suggest that the adjustment procedure developed in this study provides better predictions of the growth curve than both the FEH (Robson & Reed 1999) and Morris (2003) procedures. However, for return periods in excess of 50 years, the unadjusted as-rural growth curve appears to provide an overall better prediction of the urban growth curve. It is worth remembering that the L-moment ratio will have been estimated using annual maximum series with an average record length of 36 years, i.e. the behaviour at long-return periods is mainly a result of extrapolation from the observed data based on the GLO distribution. For comparison, the cross-validation statistic defined as the root sum of squares are also shown in Table 5 Water year 
The growth curve for the catchments with short records and extraordinary large singular events (see for example, Figure 6 ) are generally much steeper than the pooled growth curve. Any further reduction in growth curve factors, such as those imposed by any of the urban adjustments, is therefore likely to indicate that no adjustment is the preferred option. This effect is further amplified when using the sum of squares rather than the absolute value as the basis for the cross-validation statistics.
In Table 5 , the root sum of squares values suggest that no adjustment is the preferred option at a return period of 25 years. The sum of absolute differences, Equation (12),
suggests that no adjustment is preferable for the 50 year return period and beyond. To further assess how much the results in Table 5 are affected by the presence of the catchments discussed above, an additional experiment was conducted where these catchments were removed from the dataset. Figure 7 shows the prediction residuals for the 25 year growth factor for each individual catchment plotted against the corresponding at-site estimate of L-CV.
By repeating the cross-validation experiment outlined above, but using only a subset of the data where the at-site sample values of L-CV are less than 0.33 (points to the left of the vertical dashed line in Figure 7 ), a new set of average prediction errors have been derived and are shown in Table 6 .
The results in Table 6 confirm the results reported using the entire dataset that the adjustment to L-CV and L-SKEW developed in this study will generally provide a better prediction of the effect of urbanization on the growth curve than the adjustments suggested by the FEH and by Morris (2003) . Again, the use of the sum of squares rather than absolute values reduces the return period for which no adjustment is the preferred option from 1,000 years to 100 years (based on the return periods represented in Table 6) but does not change the overall recommendation that the adjustment procedure developed in this study is preferable to the alternative adjustment procedures. From both Tables   5 and 6 it can be observed that the relative benefit of the (4) and (5)), although both these methods were found to perform poorly at lower return periods and should therefore not be used in general.
CONCLUSION
Results presented in this paper allow users of the existing To adjust the growth curve, the approach taken in this study was to directly investigate the impact of urbanization on the relevant L-moment ratios (L-CV and L-SKEW). It was found that increased urbanization has a tendency to reduce L-CV, i.e. cause a flattening of the growth curve when compared to the as-rural estimate. This effect was supported by the findings of other published studies (Hollis 1975) . With regard to L-SKEW, the results indicated a slight tendency of increased urbanization to cause an increase in L-SKEW, which will result in more upwardly curved growth curves. This effect was statistically less significant than the effect on L-CV, but has not been reported previously.
